, and a hybrid pyridine-modified heteropolyacid with Keggin structure for selective oxidation of alcohols to ketones or aldehydes using aqueous hydrogen peroxide and acetonitrile as solvent. Performance of these different catalysts in 1-phenylethanol oxidation was studied. Influence of reaction temperature, amount of catalyst and hydrogen peroxide and reaction time on the yield of acetophenone was investigated to obtain optimal reaction conditions. Oxidation ability of the catalyst depended on the number of vanadium atoms present in the Keggin ion and to a lesser extent on pyridine substitution in the Keggin secondary structure. In order to explore the applicability of the method for selective oxidation of alcohols to ketones or aldehydes, various alcohols were investigated according to the general procedure using hybrid pyridine-modified heteropolyacid.
Introduction
Selective oxidation of organic substrates is an important transformation in organic synthesis and several methods are known for this particular conversion. 1 Aldehydes and ketones are essential intermediates for many drugs, vitamins, fragrances and food additives, and as intermediates in organic syntheses such as Aldol, Michael, Cannizaro and Perkins reactions. 2 Several methods are reported in literature for the selective oxidation of alcohols and this transformation is of great significance to the synthetic organic community. 1 Classical methodologies for this transformation use conventional mineral oxidants in stoichiometric amounts. 3, 4 The described method generates considerable amount of inorganic waste and is not environmentally attractive. Consequently, one of the preferred solutions is to use hydrogen peroxide as an oxygen donor in * For correspondence catalytic oxygen transfer reactions. The use of aqueous hydrogen peroxide as an oxidant is very attractive, since it is environmentally friendly and easy to handle. 5 A variety of different catalytic systems for the hydrogen peroxide-promoted oxidation of alcohols have been developed, e.g., tungsten-based polyoxometalate catalyst, 6, 7 Lewis acid iron aluminum chloride, 8 dinuclear Mn (IV) complexes, 9 metal-organic gel-based on Fe(III) 10 and CuCl 2 bifunctional ionic liquid. 11 Recently, Maity et al. described an efficient aqueous system to perform selective oxidation of primary and secondary alcohols using platinum nanoparticules as catalyst. 12 On the other hand, the design of a new catalyst which gives excellent conversion with maximum selectivity for organic transformation is one of the challenges in the field of catalysis. In well-known that materials based on vanadium are excellent catalysts in different oxidation procedures. Among the various transition metals, vanadium, an early member of the 3d transition metal series, exists on the surface of the earth more abundantly and vanadium-base oxidant are effectively used for various oxidation reactions such as methanol oxidation, carbon monoxide oxidation, partial oxidation of hydrocarbons and many organic transformations. 13 For example, a recent report by Gopinath and co-workers describes the use of nanocrystalline Ti 1.X V X O 2 as efficient catalyst in the oxidative dehydrogenation of ethyl benzene, using oxygen as friendly oxidant.
14 Heteropolyacids (HPAs) are transition metal-oxygen anion clusters that exhibit a wide range of molecular sizes, compositions and architectures. 15 There is an increasing interest in the area of heteropolycompoundinduced organic transformations. HPAs have been used in a variety of acid-catalysed reactions such as esterification, etherification, olefin hydration and dehydration of alcohols and are also attractive as catalysts for oxidation processes. 16 Recently, we have applied the use of Keggin HPAs in a wide range of processes, i.e., preparation of heterocycles, 17, 18 protection/deprotection of organic functional groups 19, 20 and oxidation processes, as well as substituted phenol, alcohol and amine oxidation, and the selective oxidation of sulphides to sulphoxides and sulphones. [21] [22] [23] [24] Vanadium-incorporated molybdophosphoric acid catalysts show unique catalytic features for oxidations due to their bifunctional character, which arises because of the redox nature of vanadium and the oxidation/acidic character of molybdophosphoric acid catalysts by replacing Mo atoms with corresponding V atoms. 25 Several researchers have investigated vanadium-incorporated molybdophosphoric acid catalysts by replacing 1, 2 and 3 molybdenum atoms with corresponding number of vanadium atoms. Acidic, redox and thermal stability properties of vanadium catalysts are influenced by the degree of vanadium substitution. 25 In solutions, reduction potentials of heteropolyanions containing Mo and V are high as these ions are easily reduced. Oxidative ability decreases generally in the order: V-> Mo-> W-containing heteropolyanions, which means that vanadium-containing heteropoly compounds are the strongest oxidants. 26 As reported by Song et al., 15 metal substitution may occur by modifying the energy and composition of the lowest unoccupied molecular orbital (LUMO) and consequently its redox properties. Substitution of vanadium ions in the molybdenum framework stabilizes the LUMOs because these orbitals derive in part from vanadium d-orbitals, which have been assumed to be more stable than those of molybdenum and tungsten.
These heteropolycompounds have recently been studied due to their importance in catalytic oxidation reactions, for example, hydroxylation of benzene, oxidation of toluene, nitrobenzene and norbornene using aqueous hydrogen peroxide, 27 benzyl alcohol oxidation, 25 oxidation of benzoins to benzyls, aldehydes and esters by dioxygen, 28 and liquid-phase oxidation of methane with hydrogen peroxide. 29 Recently, Leng and co-workers 30 reported the use of a pyridinemodified molybdovanadophosphate hybrid catalyst for direct hydroxylation of benzene by hydrogen peroxide in acetic acid and acetonitrile mixed solvent. They demonstrated that substituted vanadium atoms in HPAs are essentially active sites with high performance for hydroxylation of benzene to phenol.
In this study, vanadium-substituted HPAs were prepared. The H 4 PMo 11 VO 40 was transferred to pyridinium salt to get the hybrid material HPyH 3 PMo 11 VO 40 . Then, we used these catalysts for the liquid-phase selective oxidation of alcohols with 35% (w/v) aqueous hydrogen peroxide (H 2 O 2 ) in acetonitrile as solvent at 70
• C (scheme 1). • C for 1.5 h. The precipitate was filtered, washed with ethanol and dried at 20
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• C in vacuum. The resulting fine orange powder was then dissolved in water to recrystallize for further purification.
Catalytic characterization
2.2a Fourier transform infrared spectroscopy:
Thermo Bruker IFS 66 IR equipment was used to obtain the Fourier transform-Infrared (FT-IR) spectra of the solid samples. Samples were run in transmission mode with a wavenumber resolution of 4 cm −1 . The solids were ground and mixed with BrK, previously dried in a stove, and pellets were formed. The measuring range was 400-4000 cm −1 . Measurements were made in air and the effect of adsorbed moisture or carbon dioxide was eliminated using air as reference in the measurements.
2.2b
Potentiometric titration: An amount of 0.05 mL of 0.1 N n-butylamine (Carlo Erba) in acetonitrile (JT Baker) was added to a mass of solid (0.05 g) using acetonitrile as solvent, and stirred for 3 h. Later, the suspension was titrated with the base solution at 0.05 mL/min. Electrode potential variation was measured with an Instrumentalia SRL digital pH meter, using a double junction electrode. This technique enables the evaluation of the total number of acid sites and their acid strength. In order to interpret the results, it is suggested that the initial electrode potential (E) indicates the maximum acid strength of the surface sites, and the values (meq/g solid) where the plateau is reached indicates the total number of acid sites. Acid strength of surface sites can be assigned according to the following ranges: very strong site, E > 100 mV; strong site, 0 < E < 100 mV; weak site, −100 < E < 0 mV and very weak site, E < −100 mV. 31 
Catalytic test
2.3a 1-Phenylethanol oxidation:
In all the reactions, a 25 mL three-necked round-bottomed flask heated at the reaction temperature and connected with a waterjacketed condenser, was used. The reactor was loaded with a mixture of 0.7 mmol of 1-phenylethanol (Aldrich), 5 mL of acetonitrile, 1 mL of aqueous hydrogen peroxide 35% (w/v) (Analquim), n-dodecane (SigmaAldrich) as internal standard (0.056 g, 0.39 mmol) and 1% mmol of the HPAs with respect to the substrate. The mixture was stirred at 700 rpm.
Samples were withdrawn from the organic phase at different intervals (15, 30, 60 , 90 and 120 min). Each sample volume was approximately 20 μL and was diluted with 2 mL of acetonitrile. Concentrations of substrates were calculated with an internal standard method, using a Varian gas chromatography 3400 instrument (Chromopack CP Sil 8 CB, 30 m × 0.32 mm ID). Identification of products was performed with gas chromatography-mass spectrometry (GC-MS) (detector HP 5971).
2.3b General procedure for alcohol oxidation:
Alcohols were purchased from Aldrich. Alcohol oxidations were performed under vigorous stirring in a glass reactor at 70
• C. Reactions were performed by adding H 2 O 2 35% (w/v) in excess to a solution of 0.7 mmol of the corresponding alcohols and the catalyst (1% mmol) in acetonitrile (5 mL). The reaction was followed by thin-layer chromatography (TLC). The reaction mixture was diluted with 20 mL of distilled water and extracted twice with 10 mL of dichloromethane (JT Baker). Extract was dried over anhydrous sodium sulphate. Crude product was purified by column chromatography on silica gel using a mixture of hexane-toluene (1:1) (Cicarelli) as eluent. Products were identified by comparison of the mass spectra of standard samples. Selectivity of reaction was calculated as the molar ratio between the obtained amount of ketone or aldehyde and the total amount of the corresponding alcohols. 
Results and discussion
Catalysis characterization
Vibration spectra of bulk heteropolyacids with Keggin structure are modified as a function of the nature of the elements introduced in their structure. The main changes observed when Mo +6 atoms are substituted by V +5 atoms in the structure of PMo 12 are a frequency decrease of the Mo=O d band, and a possible splitting of the P-O a band. 26 In the FT-IR spectrum of PMo 11 V The FT-IR spectra of pyridinium salt (Py-PMo 11 V) showed the four peaks assigned to the Keggin-structure heteropolyacid (PMo 11 V) and a characteristic band for pyridinium ion at 1483 cm −1 , in good agreement with a previous report. 30 This behaviour indicates that pyridine acts as countercation and does not modify the Keggin units.
Potentiometric titration with n-butylamine of the synthesized HPAs was carried out. According to these results, a relative order of maximum acid strength can be assigned as follows: Py-PMo 11 V > PMo 11 V > PMo 12 PMo 10 V 2 > PMo 6 V 6 . PMo 11 V shows very strong sites, with a maximum acid strength, corresponding to an initial electrode potential of 978 mV, which is higher than that obtained for the V-free sample, 600 mV (figure 2). When PMo 11 V was transformed into hybrid material (Py-PMo 11 V), acid strength increased from 978 to 1100 mV, and potentiometric titration curve was very similar to that of the corresponding HPA. In the case of PMo 10 V 2 and PMo 6 V 6 acids, acid strength decreased. When the number of V atoms increases, charge of the anion is higher. Consequently, the anionproton interaction increases and acidity of the compounds decreases.
Catalytic performance
This study describes the application of a homogeneous system for the oxidation of alcohols to ketones or aldehydes with aqueous hydrogen peroxide in the presence of Keggin HPAs as catalyst. Influence of vanadium-doped atoms in the primary structure and pyridine in the secondary structure of different synthesized catalysts was also considered. Figure 3 shows the results obtained for 1-phenylethanol conversion using different catalysts. A high selectivity of benzophenone was obtained (96-100%) with traces of a secondary product, 4-hydroxyacetophenone. In all cases, the catalyst reaches certain conversion value in the first 30 min and no further changes occur afterwards. This is a consequence of the hydrogen peroxide decomposition. In a blank experiment, 1 mL of 35% p/v of hydrogen peroxide in 4 mL of acetonitrile, in the presence of catalyst (1 mmol%), was stirred at 70
• C for 30 min. Titration of hydrogen peroxide remainder showed a 100% of hydrogen peroxide decomposition. Table 1 shows the results of 1-phenylethanol oxidation to acetophenone with aqueous hydrogen peroxide using different catalysts. Blank experiment was performed in the absence of catalyst. Under these conditions, reaction conversion was very low (2% in 2 h) at 70
3.2a Effects of vanadium content in the heteropolyacid on catalytic oxidation of 1-phenylethanol:
• C (table 1, entry 1).
We performed oxidation reaction of 1-phenylethanol using two commercial Keggin HPAs (PMo 12 and SiMo 12 ). Conversion was very low, 5% and 4% for PMo 12 and SiMo 12 , respectively (table 1, entries 2 and 3). Only a trace amount of acetophenone was observed.
Results of 1-phenylethanol oxidation using the prepared catalysts (PMo 11 V, PMo 10 V 2 and PMo 6 V 6 ) are listed in table 1, entries 4-6. In these cases, higher yields of acetophenone were reached, indicating that the presence of vanadium atoms is essential for performing oxidation reaction. This is in accordance with previous reports. 25, 26, 29 However, the conversion of 1-phenylethanol and the turnover number (TON) decreases with the content of substituted vanadium atoms in the HPA, i.e., catalytic activities of the three catalysts increased in the following order: PMoV 2 ∼ PMoV 6 < PMo 11 V. PMo 11 V showed the best performance (table 1, entry 4). A conversion of 48% was observed at 2 h, with 97.9% of acetophenone selectivity. In this case, traces of a secondary product, 4-hydroxyacetophenone, were detected.
Improvement in the catalytic activity of vanadiumHPAs is in agreement with redox potential values reported in the literature, 0.52 V for PMo 12 33 and 0.65 V for PMo 11 V. 26 Maximum acid strength also decreased when the number of V atoms in the HPAs increased. Therefore, it could be assumed that the higher yield of acetophenone from 1-phenylethanol resulted from two factors: the oxidative ability and acidic properties of HPA. Brønsted acidity is an important catalytic property since protons could be involved in the mechanism of oxidation reaction. 34 On the other hand, a previous study reported that pyridine incorporation in the secondary structure of HPAs can increase catalytic activity. 30 For this reason, we prepared a hybrid vanadium-substituted HPA catalyst (Py-PMo 11 V), which was tested in 1-phenylethanol oxidation under aforementioned conditions. A slight effect of pyridine on the yield of ketones or aldehydes was observed. A conversion of 49% was observed at 2 h, with 97.9% of acetophenone selectivity (table 1, entry 7) compared to the PMo 11 V (48% and 97.9%, respectively, table 1, entry 4). Pyridine in the secondary structure of HPA can promote catalytic activities of the hybrid catalyst due to electronic interaction between pyridine and HPA along with the more remarkable pseudo-liquid-phase behaviour, as reported by Leng and co-workers. 30 
3.2b Effect of reaction temperature on catalytic oxidation of 1-phenylethanol:
Influence of reaction temperature on reactivity of 1-phenylethanol oxidation was investigated using Py-PMo 11 V, and the results are illustrated in figure 4a. Five temperatures were tested (20 • , 30
• , 50
• , 70
• and 80
• C). No 1-phenylethanol conversion was observed at 20
• C. A higher temperature leads to a higher 1-phenylethanol conversion. This is only 15% at 50
• C, after 1 h, whereas at 70 • C, conversion is 48%, which is three times higher. An increase of only 1% is observed when the temperature is raised from 70
• to 80 • C. As regards acetophenone selectivity, a slight decrease with temperature was observed (97.9% to 94%, at 70
• C, respectively). This could be due to further oxidation of acetophenone to 4-hydroxyacetophenone. For this reason, 70
• C was employed as optimum temperature. Figure 4b shows the result for selective oxidation of 1-phenylethanol as a function of reaction time using Py-PMo 11 V catalyst at a reaction temperature of 70
3.2c Effect of reaction time on catalytic oxidation of 1-phenylethanol:
• C. It can be observed that conversion of 1-phenylethanol increases with reaction time up to 0.5 h and then it does not change. Selectivity of acetophenone decreases slightly with reaction time. 10% mmol. Selectivity of benzophenone remained constant, 97-98%. It is independent of the amount of catalyst. Thus, 1% mmol of Py-PMo 11 V is a suitable amount for this reaction condition.
3.2e Effect of amount of hydrogen peroxide on catalytic oxidation of 1-phenylethanol: Figure 5a shows the influence of the amount of hydrogen peroxide 35% (w/v) on conversion of 1-phenylethanol and selectivity of acetophenone using Py-PMo 11 V. It can be seen that the conversion was dependent on the amount of hydrogen peroxide and reached a maximum value of 49% at 1 mL. A slight decrease in the conversion of 1-phenylethanol and in the selectivity of acetophenone was observed with further increase on the amount of hydrogen peroxide. Selectivity decrease may result from further oxidation of acetophenone to 4-hydroxyacetophenone.
Results suggest that an excess of hydrogen peroxide is needed for improving substrate conversion although the theoretical molar ratio of hydrogen peroxide to 1-phenylethanol for acetophenone production is 1:1. This is a consequence of hydrogen peroxide decomposition as reported by Leng and co-workers 30 for benzene oxidation using a similar catalyst. In order to avoid hydrogen peroxide decomposition, addition of consecutive portions of 35% (w/v) hydrogen peroxide was studied. Figure 5b shows the effect of oxidant addition on 1-phenylethanol conversion. Addition of 1 mL of aqueous hydrogen peroxide at the beginning gives a conversion of 1-phenylethanol of 49% after 1 h and remain constant. However, when portions of aqueous hydrogen peroxide are added to the system (0.25 mL at 0, 0.5, 1 and 1.5 h) 1-phenylethanol conversion increases notably, reaching 93% at 1.5 h. Acetophenone selectivity was 97%.
3.2f Selective oxidation of alcohols to ketones or aldehydes: Oxidation of other alcohols was then investigated using Py-PMo 11 V as catalyst in optimum reaction conditions for 1-phenylethanol (0.7 mmol of substrate, 1 mL 35% (w/v) hydrogen peroxide, 1% mmol of catalyst, 5 mL of acetonitrile, 70
• C). Results are listed in table 2.
High conversion and selectivity were obtained for aromatic secondary alcohol oxidations (table 2, entries 1-7). In the case of aromatic primary alcohols, formation of small amounts of benzoic and 4-chlorobenzoic acid was observed (table 2, entries 8 and 9).
On the other hand, Py-PMo 11 V was employed in aliphatic alcohol oxidations, using the above conditions. For secondary alcohols such as 2-octanol and 2-decanol, conversion of 20% was reached after 2 h. Corresponding ketones were obtained with 95% of selectivity. Furthermore, a lower conversion was achieved for 1-decanol (4% after 2 h); in this case, decanal was obtained with 100% of selectivity.
Conclusion
Vanadium and pyridine-modified molybdovanadophosphate catalysts were prepared for selective oxidation of alcohols by aqueous hydrogen peroxide.
Substituted vanadium atoms in heteropolyacids are essentially active sites with high performance for selective oxidation of 1-phenylethanol to acetophenone. Pyridine hybrid catalysts can even promote catalytic activity due to electronic interaction between heteropolyacid and pyridine. Py-PMo 11 V exhibits the highest activity for selective oxidation of 1-phenylethanol to acetophenone with 93% of conversion and 96% of selectivity. Oxidation of other alcohols was then investigated using Py-PMo 11 V catalyst. For benzylic secondary alcohols, conversion and selectivity to the corresponding ketone were very high. No appreciable amounts of by-products were detected. However, for benzylic primary alcohols, selectivity is low due to the formation of carboxylic acids as by-products.
Further investigations on the preparation of new hybrid insoluble heteropolyacids for a more ecofriendly oxidation process (ethanol-water as solvent) are in progress in our laboratory.
